The temporal correlation hypothesis proposes that cortical neurons engage in synchronized activity, thus configuring a general mechanism to account for a range of cognitive processes from perceptual binding to consciousness. However, most studies supporting this hypothesis have only provided correlational, but not causal evidence. Here, we used electrical microstimulation of the visual and somatosensory cortices of the rat in both hemispheres, to test whether rats could discriminate synchronous versus asynchronous patterns of stimulation applied to the same cortical sites. To disambiguate synchrony from other related parameters, our experiments independently manipulated the rate and intensity of stimulation, the spatial locations of stimulation, the exact temporal sequence of stimulation patterns, and the degree of synchrony across stimulation sites. We found that rats reliably distinguished between 2 microstimulation patterns, differing in the spatial arrangement of cortical sites stimulated synchronously. Also, their performance was proportional to the level of synchrony in the microstimulation patterns. We demonstrated that rats can recognize artificial current patterns containing precise synchronization features, thus providing the first direct evidence that artificial synchronous activity can guide behavior. Such precise temporal information can be used as feedback signals in machine interface arrangements.
Introduction
From the early experiments of Fritsch and Hitzig (1870) , who microstimulated the brain of dogs to examine localized electrical excitability, direct electrical microstimulation has been extensively used in a wide range of experimental approaches, from functional anatomy to its use in the treatment of neurological and psychiatric illness (Young 1970; Bierer and Middelbrooks 2002; Bartlett et al. 2005; Tehovnik et al. 2006; Mohr et al. 2011) . Many early studies used surface stimulation to create a map of the human motor cortex (Penfield and Boldrey 1937; Rasmussen and Penfield 1947; Woolsey et al. 1979) . Further, deep microstimulation with microelectrodes was used initially to stimulate the hypothalamus (Hess 1957; Graziano 2008 ), but was later applied to explore eye movements (Robinson 1972; Tehovnik and Sommer 1997) , motor mapping (Asanuma et al. 1976; Sessle and Wiesendanger 1982; Cooke et al. 2003) , conditioning learning (Doty 1965) , cortical plasticity (Nudo et al. 1992; Maldonado and Gerstein 1996) , behavioral control (Talwar et al. 2002) , and memory prosthesis (Berger et al. 2011) .
In addition, microstimulation is widely used to explore perceptual processes. Besides evoking specific percepts such as phosphenes, by stimulation of early sensory areas (Nashold 1970; Tehovnik et al. 2005) , microstimulation can bias (Salzman et al. 1990) or disrupt (Slocum and Tehovnik 2004) visual movement perception. In addition to these studies, microstimulation in multiple electrodes has been used to explore sensory coding mechanisms. Mouly et al. (1985) and Mouly and Holley (1986) explored the ability of rats to discriminate spatial microstimulation patterns in the olfactory bulb. Animals with permanently implanted electrodes were trained to use single or multisite sinusoidal microstimulation as the discriminative stimuli for selecting a palatable solution in a 2-choice test. In monkeys, Romo et al. (1998 Romo et al. ( , 2000 found that 2 flutter stimuli delivered sequentially to the fingertips can still be discriminated if the second stimulus is replaced by direct microstimulation of the somatosensory areas. Recently, Fitzsimmons et al. (2007) found that monkeys are able to obtain a reward, guided by spatio-temporal patterns of cortical microstimulation delivered to the primary somatosensory cortex through implanted multielectrode arrays. In their study, the spatio-temporal patterns were composed of 4 trains of biphasic pulses, individually delivered through independent electrodes in a specific sequence. Monkeys were able to discriminate different sequences of activation to choose the site of the reward.
In the studies described above, microstimulation was typically delivered to one or several electrodes at a time, thus effectively producing an increase in the firing rate of the local neurons. In addition to the firing rate increment, the activation of these neuronal populations seems to be constrained to a window of time, producing a synchronous discharge of neurons and fibers surrounding the tip of the electrode (Butovas and Schwarz 2003; Tehovnik et al. 2006; Histed et al. 2009; Logothethis et al. 2010) . Thus, the increase in firing rate at a given location cannot be disambiguated from the synchronous activation. This is important because a standing question regarding the mechanisms underlying microstimulation is whether these effects are the product of the changes in firing rate, neuronal synchrony or both. In contrast to population coding, (Sakurai 1996; Kristan and Shaw 1997; Averbeck et al. 2006) or hierarchical convergence (Barlow 1972) , neuronal synchrony or temporal correlation (Milner 1974; von der Malsburg 1981 and Singer 1999) , propose that neuronal ensembles representing perceptual objects are achieved by synchronizing the activity of neurons that are evoked by the same object. This activity, often associated with oscillatory patterns (Ahissar and Vaadia 1990; Gray 1999; Fries et al. 2002) , has been found in many cerebral loci and, related to different sensory and motor tasks (Riehle et al. 1997; Colgin et al. 2009 ).
By using electrical microstimulation, we examined whether artificially induced synchronization at several cortical sites (dissociated from changes in activation frequency) is sufficient to produce a neuronal activation that evokes an artificial perception that rats can signal behaviorally. By delivering different patterns of artificial synchronization to the visual and somatosensory cortices in both hemispheres of the rat, we tested whether rats were consistently able to obtain a reward by selecting the lever associated with each pattern. We found that rats reliably distinguished between patterns differing only in the distribution of electrodes containing synchronized microstimulation. Moreover, their performance was a function of the degree of synchronization contained in the microstimulation pattern. These results provide strong evidence that the degree of synchrony in artificial spatiotemporal inputs to the brain can be causally correlated with behavior.
Materials and Methods

Subjects and Surgery
All experiments followed institutional (CBA0215 FMUCH) and NIH guidelines for the care and use of laboratory animals. Twelve male Long Evans and 4 male Sprague Dawley rats, weighing 250-450 g served as subjects for this study. Rats were maintained in a room with controlled temperature and inverted light cycle (12 h light, 12 h dark), and were fed daily with 3 to 4 dry pellets and 15 min/day of water to motivate them to obtain juice rewards during training. For electrode implantation surgery, rats were anesthetized with an intramuscular injection of ketamine [12 mg/kg. intraperitoneal (i.p.)], acepromazine (1 mg/kg. i.p.), and a dose of atropine (0.05 mg/kg. subcutaneous) to reduce salivation. Electrocardiogram and rectal temperature were continuously monitored. Rats were allowed to recover for at least 7 days during which ad libitum food and water were available, and analgesics (ketoprofen 5 mg/kg i.m. daily for 3 days) and antibiotics (enrofloxacine 5 mg/kg i.m. daily for 5 days) were provided.
During surgery, the rats were mounted in a stereotaxic device and 8 craniotomies (1-2 mm wide, each) were performed: 2 in sensory area V1, and 2 in sensory area S1B bilaterally (Fig. 1A) . In each craniotomy, we inserted 1 electrode, independently placed. The distance between craniotomies located in the same cortex was 1 mm. The stereotaxic coordinates (relative to the bregma) used for implantation were: Visual cortex, −7.00 to −4.80 mm AP and 2.00-4.50 mm ML; somatosensory cortex, −3.60 to −0.30 mm AP and 2.00-5.00 mm ML (Fig. 1A) . To ensure correct positioning, the electrodes were lowered until spikes were found (usually between 500 and 800 µm depth). Following positioning, rats received light or tactile stimulation of the whiskers to corroborate corresponding changes in neuronal activity. After stabilization of recordings, the electrodes were cemented to the skull using dental acrylic. A central screw (0-80), implanted in the mid line of the skull over the occipital region, −12 mm relative to the bregma, served as the ground, as all current were injected against this ground screw.
Behavioral Training
Animals were trained in an acrylic Skinner box. The front panel contained a central warning light, and 2 cue lights at each side above the response levers. A central stainless-steel tube, located below the warning light, delivered a drop of apple juice as a reward on successful trials. The Skinner box was controlled by a custom-made computer program written in LabWindows/CVI (National Instruments, Austin, TX, United States of America). A daily training session comprised 200 trials. Each trial start was signaled by the illumination of a central warning light, which lasted for 1 s (Fig. 1B) . Following this, 1 of 2, left or right, cue lights was randomly illuminated, and instructed the animal to choose the corresponding lever. The light cue turned off after a 5-s period, or if a response is made within those 5 s. Responses made after 5 s did not result in reward delivery and were scored as omissions. After a correct choice, the light was extinguished and, the animal received a reward in the form of a drop of juice. Upon an incorrect response, the animal received neither punishment nor reward. The intertrial interval following omissions, correct responses and incorrect responses was fixed at 2 s.
After learning to distinguish natural light stimuli, we performed the surgery to implant the microstimulating electrodes. Following recovery, the rats were trained to discriminate microstimulation patterns paired with light stimuli (Fig. 1B) . The other task parameters remained identical to the first discrimination phase. In the final, or test stage, training proceeded without the left or right cue lights, and discrimination was based on microstimulation alone (Fig. 1C) . All the results reported here are from the final stage. The aim of this stage was to discern whether rats were able to discriminate between 2 different current patterns applied directly to the brain. In this case, learning was defined as an average of 65% or more correct responses [100 × (corrects)/(corrects + incorrects)] during 4 consecutive sessions, with 30% or less, omissions. Mean and 95% confidence intervals (CIs) for the mean were calculated within and across rats using a bootstrap of 1000 resamples.
Electrodes and Electrical Microstimulation
Stereotrodes were built using 25-µm diameter wires, (nichrome or platinum + 10% iridium) (Gray et al. 1995) . Prior to training, to ensure that normal neuronal activity was present, multiunit and local field potential signals were recorded from the microstimulation sites. Robust spike and oscillatory activity around 7 Hz ("theta" band) in both visual and somatosensory cortices and between 40 and 60 Hz ("gamma" band) in the visual cortex after the onset of the visual cues and lever pressing (data not shown) was found.
Each pattern of microstimulation was created by a custom-made Matlab routine (The MathWorks, Natick, MA, USA) that constructed files containing the sequence of stimulation. These files were serially uploaded from the control computer to an 8-channel microstimulator (STG4008, Multichannel Systems, Reutlingen, Germany), and then digitally triggered with the same control computer. All the microstimulation pulses were delivered through both wires of each stereotrode to the ground screw. The current source for each stereotrode was independent and connected to a different channel of the microstimulator. Patterns of controlled current were designed as a sequence of biphasic square wave pulses (negative first) or sinusoidal waveforms. Synchronization was arbitrarily defined as the precise temporal co-occurrence of 2 or more pulses for square waveforms, or as zerophase lag between 2 or more sinusoidal current waveforms. The details of each microsimulation pattern were different for each experiment, and thus they are described in the Results section.
Results
We implanted 8 stereotrodes in the visual and somatosensory cortices of 12 rats (Fig. 1A) . In a Skinner box, we first trained rats to discriminate a random right or left light cue by pressing the corresponding lever located below each light. After reaching a correct response rate of 80%, we trained them to discriminate different patterns of microstimulation without cue lights (Fig. 1C) . Figure 1B and C shows the timing schemes for training and testing respectively. All the results reported here are from this stage of training.
Left Versus Right Hemisphere Microstimulation
Since the microstimulation parameters needed to elicit putative behavioral responses are rather wide, we explored different combinations of frequency and current intensity. First, we trained 8 rats to discriminate between left and right hemispheric stimulation ( Fig. 2A) , and found that using 40 µA to 50 μA, and 2 ms biphasic square wave pulses at 40 Hz for 500 ms, yielded reliable training performance. Group statistics Separation between electrodes in the visual and somatosensory cortex was at least 1 mm. The cortical regions were drawn based on Paxinos and Watson (1998) . S1BF, somatosensory area barrel field; V1B, primary visual cortex, binocular; V1M, primary visual cortex, monocular. Asterisk indicates the bregma. Numbers will be used as reference for the rest of the figures. (B) Timing scheme for training. During training, rats had to press 1 of 2 levers, cued by the onset of a light located above the levers, in combination with the application of one microstimulation pattern. (C) Timing scheme for testing. Here, rats were forced to choose between left or right levers based only on the consequence of electric microsimulation applied through the implanted electrodes. (n = 8): % of correct, mean = 86.71, 95% CI = 91.98-78.89; % total response, mean = 81.21, 95% CI = 86.86-75.13; Binomial Test P-value < 0.005 (Fig. 2B,C) . We repeated this experiment using different current levels to estimate the amount of electrical charge needed to elicit correct responses. We found that above 14 nC all rats quickly exceeded the 65% performance threshold (Fig. 2D) . It is important to note that during all the microstimulation experiments reported here, we did not observe side effects of the stimulation such as seizures or muscle twitches, which rats could use as a discrimination cue. As an additional control, to test whether any other potential cue was being used, we measured the performance when the microstimulation cable was disconnected from the animal. In all cases, we observed a drop in performance to 50% or less, which demonstrates that cortical microstimulation was the sole basis of their discrimination.
Synchronization Discrimination Task
The main purpose of our study was to examine whether rats can discriminate 2 different microstimulation patterns that were similar in the number and amplitude of pulses, but different in the pattern of synchronous stimuli. We examined if rats could be trained to perform a 2-choice discrimination task. We constructed 2 sets of patterns that contained the same amount of synchronous pulses, but differed on which electrodes of the set contained synchronous pulses. This scheme is depicted in Figure 3 . In this configuration, one of the pulse patterns (associated with the left lever) contained zero-time-lag synchronous pulses between the electrodes in right somatosensory and left visual cortices (see Fig. 3 : Sequence A1). The remaining electrodes contained pulses that were asynchronous with all other pulses in the 8-electrode set. A second microstimulation pattern (associated with the right lever) had zero-time-lag synchronous pulses in the complementary configuration and asynchronous square pulses in the remaining electrodes ( Fig. 3; sequence B1 ). To avoid the possibility that rats learned to distinguish these 2 patterns on the basis of a repetitive timing of pulses, using the temporal information contained in them, 5 different sequences of each pattern (5 for the right lever and 5 for the left lever) were constructed for each training session (Fig. 3) . In each trial, one of the 10 versions was randomly chosen with a 10% probability.
Five rats were trained in this task. Figure 4A and B shows the learning curve for 2 of rats and Figure 4C the average plateau performance. Group statistics (n = 5): % correct responses, mean = 84.49, 95% CI = 85.70-82.75; % total response, mean = 84.32, 95% CI = 89.76-77.55; Binomial Test P value < 0.05. These results show that rats reliably distinguish between 2 microstimulation patterns based on the distribution of synchronization and not in the specific temporal sequence contained in the train. This experiment demonstrates that artificial synchronized current pulses in the cortex of rats convey sufficient information to perform behavioral discriminations.
In the experiment described above, rats discriminated pulse sequences that contained synchronous pulses in 4 electrodes, from sequences of synchronous pulses in the complementary set of electrodes. However, there are many possible combinations to setting up spatial arrangements of microsimulation patterns among the 8 electrode set. In order to determine whether rats can perform this discrimination and then learn a different contingency, we first trained 3 rats to discriminate a contingency where all 4 electrodes in the somatosensory cortices received synchronous pulses. These pulses were associated with the left lever. Alternatively, we stimulated with synchronous pulses in all visual electrodes that were associated with the right lever. After the rats had reached a stable performance on one contingency, we switched to a new contingency using the same configuration as in the previous experiment (Fig. 5A) . We found that all rats successfully learned the new contingency. The time course of the performance of one of the rats is shown in Figure 5B . After reaching the learning criteria for several sessions, the contingency was switched. In the first session (indicated by an arrow), the performance dropped to chance and then progressively increased to learning criteria. The performance during the sessions around the contingency change was not consistent between rats. Nonetheless, this was a feature in all experiments where the time for reaching learning criteria varied between rats. Interestingly, the average performance for the contingency that mixed electrodes from the visual and somatosensory cortices was higher than the performance for contingency that paired visual versus somatosensory electrodes (Fig. 5C,D) . 
Sinusoidal Current Discrimination Task
We demonstrated that rats can discriminate synchronous patterns of biphasic square pulses. In these cases, neuronal activity was directly evoked with biphasic pulse patterns. Yet, it is proposed that low-amplitude modulation of the field potential can also modify spike timing without altering the firing rate (Volgushev et al. 1998; Ito et al. 2011 ). Therefore, we tested whether rats could distinguish a pattern of rhythmic synchronization from a pattern of rhythmic asynchronization. For this experiment, we designed 2 sinusoidal current patterns with the same frequency (40 Hz), low-amplitude current amplitude (50 μA), and duration (500 ms) (Fig. 6A) . In one of the patterns, associated with the right lever, all the sinusoids waveforms had the same phase through all the electrodes (synchronous). In the other pattern, associated with the left lever, the frequency and amplitudes remained unchanged; nevertheless, the phases of sinusoids applied to each electrode were randomized (asynchronous). Moreover, to avoid phase synchronization due to constant phase difference between stimulation sites ), on every new training session, we constructed 10 versions of the asynchronous pattern by randomly jittering the phases of all the waveforms. In this experiment, we found that 3 rats trained on this discrimination task showed performance levels that exceeded learning criteria. Group statistics (n = 3): % of correct, mean = 76.00, 95% CI = 87.39-68.43; % total response, mean = 85.23, mean 95% CI = 92.81-75.39. These results demonstrate that synchronous oscillatory microstimulation in these cortical loci, evokes brain activation that is sufficiently distinctive from that produced by random phase oscillations.
Discrimination of Asynchronous Pulse Patterns
In the experiments described above, we compared the ability of rats to distinguish synchronous from asynchronous microstimulation patterns. In all cases, we constructed a variety of asynchronous patterns under the assumption that presenting the same timing sequence of asynchronous pulses may evoke a recognizable sensory activity, such that the rats do not need to distinguish the alternate synchronized pattern to perform the 2-choice discrimination task. To test this assumption, we trained 3 rats to associate 2 different asynchronous stimuli with each lever (Fig. 7A) . In this experiment, the microstimulation patterns were not changed and were repeated on every training session. The results in Figure 7B -D show that the 3 rats trained in this task typically showed performance levels below the learning criteria. Two rats never reached performance above criteria, and a third animal showed occasional performance above the learning threshold (Fig. 7C ). Group statistics: % correct responses, mean = 59.95, 95% CI = 70.15-54.09; % total response, mean = 72.81%, 95% CI = 81.20-67.30. This finding further supports the hypothesis that rats' discrimination can be based on the patterns of synchronized pulses applied in the electrode set, and this configuration of pulses appears to be easier to distinguish than an asynchronous, repetitive and, specific temporal sequences.
Parametrical Dependence on Artificial Synchronization
We showed that synchronous activity elicited by microstimulation in the cortex enabled rats to perform behavioral discriminations. We conjecture that as information contained in the synchronous pulses enabled rats to perform these discriminations, the amount of synchronous pulses in the microstimulation patterns should be reflected in their performance. To test this hypothesis, we trained 4 rats in a modified version of the 2-pattern discrimination task shown in Figure 3 . Rats had to discriminate between artificial synchronization applied in different configurations (see Fig. 3 ). (A and B) Example learning curves for 2 rats. In every session, a completely new set of stimuli was constructed. (C) Average performance for 5 rats trained in this task. All of them showed reliable performance levels according to defined learning criteria. The group statistics (mean and 95% CIs) are shown in the graph on the right. Continuous line: 50% chance level. Dashed line: 65% learning criteria.
In each trial, a random percentage of the synchronous pulses belonging to each pattern was jittered to vary the level of synchronization from 0 to 100% (in 20% steps). Figure 8 shows the psychophysical curve constructed from the 4 rats tested in this task. In all subjects, we found that the level of synchronization to successfully discriminate the 2 ensembles, needed to be 60% or higher. This result demonstrates a parametrical dependence of the behavioral discrimination on the percentage of pulse synchronization.
Discussion
We found that rats reliably distinguished between 2 microstimulation patterns that differ in the presence of synchronized current pulses among the electrodes. Also, their performance was proportional to the level of synchronization in the microstimulation patterns. These results demonstrate that rats recognize artificial current patterns containing precise synchronization features, thus, providing the first direct evidence that artificial synchronous activity can guide behavior.
To determine the source of information that rats were using to perform in these tasks, we used several controls. Depending on intensity (current/frequency), microstimulation can produce muscle twitches that can be exploited by the animal as a source of information to predict reward. In our experiments, the magnitude of the current utilized here likely spread only through distances shorter than <400 μm (Tehovnik et al. 2006), and are similar to several other studies that have used microstimulation to explore perception (Salzman et al. 1990; Romo et al. 2000; Bartlett et al. 2005; de Lafuente and Romo 2005; Tehovnik and Slocum 2003) . Consistently, we did not observe any muscle twitches or movements, indicative of a motor spread of microstimulation, suggesting that activation of sensory cortices was the only source of information for the animal. Also, by equating the stimulus frequency and duration, current intensity, pulse waveform, and by using several realizations of each pattern (Fig. 3) for every session, we were able to disambiguate synchronization from other potential sources of information, such as repetitive presentation of the same stimuli. Furthermore, it is unlikely that rats in our study were performing by monitoring a single cortical area (i.e., 2 electrodes located in left visual cortex), since the experiments with different contingencies (Fig. 5 ) demonstrate a disruption of performance around the contingency switch. This result suggests that rats were using information provided by the microstimulation through the entire set of electrodes in order to discriminate. Lastly, the performance of rats was proportional to the level of synchronization present in the microstimulation pattern. Given this experimental design, it seems unlikely that rats were using sources of information other than the presence or absence of synchronization, in the whole set of electrodes to perform in these tasks. These findings strongly suggest that artificial synchronization by itself was the main basis of their discrimination.
Interestingly, rats could distinguish synchronous from asynchronous patterns even when using sinusoidal current patterns. It has been demonstrated that fluctuations of the local field potential, or the injection of artificial oscillatory currents, can entrain the firing of neurons producing an increment in phase locking of neuronal spikes to the current signal (Volgushev et al. 1998; Sirota et al. 2008; David et al. 2009; Ozen et al. 2010; Tchumatchenko et al. 2011) . These experiments suggest that the modulation of the local field potential signal with sinusoidal currents may bias the activity of nearthreshold neurons, causing an increase in synchronized firing (Volgushev et al. 1998; Ito et al. 2011) , similar to what occurs with the precisely synchronized biphasic pulses.
It is unlikely that the patterns of microstimulation used here evoked neuronal activity similar to what occurs as a response to a visual or somatosensory stimulus. Feeding back the signals recorded during a sensory response into the same electrodes would not mimic this natural activation, which also would be even more difficult to reproduce with only 8 electrodes. Contrary to neural recordings, in which closely located neurons are captured, microstimulation mainly depolarizes fibers around the electrode tip, activating not only the local neurons, but also many others. Histed et al. (2009) found that the effective electrical field generated around the tip of the electrode was about 5 µm of diameter using 10 µA. They showed that the mechanism of activation is the direct depolarization of the neuropile (axons and dendrites) passing near the tip of the electrode. These finding accounts for their observed activation of some neurons located at long distances (millimeters) instead of others located in proximity (less than 10 µm) to the tip of the electrode. Moreover, they found that increments in current produced a higher density of activated neuronal bodies without increasing the distance at which neurons were activated. Additionally, direct microstimulation has a delayed inhibitory effect in the same locus that follows the excitatory activity and lasts for at least 100 ms, which significantly differs from what is observed during natural stimulation (Butovas and Schwarz 2003; Butovas et al. 2006) . These cited experiments suggest that neuronal activity elicited by electrical microstimulation is not comparable with what is recorded in the same areas during natural stimulus presentations. Thus, it is very unlikely that microstimulation recreates the same brain activation as natural stimulation (e.g., light or sound). In addition, repetitive artificial microstimulation and training to detect electrical activation might cause a retinotopical impairment of thresholds for detecting stimuli (Ni and Maunsell 2010) . In preliminary experiments, we also noted a reduced performance when we utilized repetitive stimulus sequence; therefore, we utilized different versions of microstimulation patterns in each trial. Nonetheless, spiking activity is likely occurring in our experiments, in a consistent pattern, as a consequence of the biphasic current pulses. Also, it is apparent these spiking patterns differ between the synchronous and asynchronous paradigms. Therefore, the microstimulation patterns utilized here created a sufficiently distinctive brain activation that allowed rats to make behavioral discrimination.
It could be argued that a synchronized sequence of microstimulation pulses delivered at defined positions in the brain will not necessarily translate into synchronized neuronal activity in those areas. Nevertheless, Butovas and Schwarz (2003) , recorded cortical neurons in the rat as near as 450 µm from the microstimulation point, showing that a single stimulation pulse produces an increase in firing rate that begins 2.5 ms after the stimulation and lasts for approximately 2.5 ms. When they stimulated using trains of pulses in the range of frequencies used in our study , every pulse in the train was translated into an increase in firing rate that lasted 2.5 ms. This evidence strongly suggests that the temporal sequence contained in the microstimulation trains of our experiments was accordingly transformed (with a delay of ∼2.5 ms) into the same temporal sequence of firing rate increases in the surrounding neurons and that synchronous microstimulation of different parts of the cortex was equally transformed into synchronous activity of the stimulated neurons. It seems that neurons "consider" events as synchronous when they occur together in a time window (∼10 ms for cortical neurons) (Buzsaki 2011) . Thus, an increase in firing rate lasting for approximately 2.5 ms of 2 or more neurons might be considered as synchronous by a postsynaptic element in which they eventually converge.
Since we did not perform simultaneous recordings along with microstimulation, we cannot determine whether microstimulation in one point affected other cortical sites in the same or in the opposite hemisphere. It is known, for example, that a limited number of axons originating from one isocortical microcolumn project to distant cortices in the same or in the opposite hemisphere (Molnár and Cheung 2006; Tamamaki and Tomioka 2010) ; and that cortical neurons project massively to the thalamus and striatum. In particular, the striatum is a structure that receives a high number of corticofugal axons originating from layer V pyramidal cells across the entire isocortical mantle (Heimer 2003) . Given the high levels of cortico-cortical, as well as cortico-subcortical connectivity, it seems likely that the microstimulation in our case might have resulted in a complex pattern of distributed activity in the brain that may not be completely captured by recording at a few specific locations. It seems clear, however, that small timing differences clearly impact on the detectability of electrical patterns as those occur in the saccadic system, where eye movements are sensitive to the temporal pattern of microstimulation independent of rate (Kimmel and Moore 2007) . Future microstimulation, along with simultaneous recording studies of several structures, will be necessary to elucidate these questions.
This study is the first, to our knowledge, to manipulate the synchronous activation of distant neural populations and to correlate it with the performance of the animal (Fig. 8) . It has been proposed for many years that naturally occurring oscillations and synchronization between distant brain areas play a role in attention, signal transmission, or consciousness (von der Malsburg and Schneider 1986; Gray et al. 1989; Singer 1999) . Nearby groups of cells discharge in synchrony during stimulation (Ts'o y and Gilbert 1988; Engel et al. 1990; Gochin et al. 1991; Kreiter and Singer 1992; Livingstone 1996) , and synchronized discharge among cells occur even when located in different cerebral hemispheres (Engel et al. 1991; Nelson et al. 1992 ). Neuronal synchrony is often associated with neuronal oscillations and, it is thought to contribute instrumentally to synchronization Fries et al. 2007; Palva and Palva 2011; Buzaki and Wang 2012) . In this manner, the measurement and observation of oscillatory activity in various types of signals appear correlated with synchronous activity. In our study, whether the differential activation caused by synchronized activity in the cortex is sufficient to enable perceptual responses, or a higher order integration of these cortices needs to occur in other cortical loci, cannot be directly deducted from this data. However, our results directly demonstrate that rats can use artificial synchronous activity as a cue for behavioral discrimination. Studies favoring temporal correlation coding have so far presented correlational evidence, where oscillatory or synchronous activity appears associated with behavioral performance (Riehle et al. 1997; Gray 1999; Fries et al. 2002; Colgin et al. 2009 ). We showed that this coding model can be directly tested by artificially activating specific populations of neurons in the rat's brain by using electrical microstimulation, and thus manipulate the temporal properties of electrical activity among the electrodes.
Finally, the results and experimental approach used in this study have important implications for brain-machine interfaces. Several studies demonstrate that artificial prosthesis can be manipulated directly by the brain by reading neuronal activity from the motor cortex (Chapin et al. 1999; O'Doherty et al. 2009 O'Doherty et al. , 2011 O'Doherty et al. ,2012 . However, to attain proper control, a closed loop system is required with sensory feedback signals (Miller and Weber 2011) . These signals need to convey the consequence of motor actions providing sufficient tactile and proprioceptive information. We demonstrate that rats can easily differentiate synchronous versus asynchronous oscillatory current waveforms. One experimental approach can exploit phase comparison of oscillatory signals (Ahissar and Vaadia 1990; Ahissar et al. 1997) . Therefore, artificial oscillations in a sensory system could be compared with artificial inputs from the periphery. In addition, our results show that correlated signals across electrodes can be effectively used as feedback information in machine interface arrangements. The precise timing that rats were able to distinguish in our experiments may translate into a diverse collection of microstimulation patterns that can provide more degrees of freedom which, are necessary to achieve a more efficient feedback control (Nicolelis 2003; Nicolelis and Lebedev 2010; O'Doherty et al. 2011 ).
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This study was supported in part by Fondecyt 1090101 to P.M., Iniciativa Cientifica Milenio and a Conicyt Doctoral fellowship and Conciyt Anillo ACT 66 to H.M. Figure 8 . The performance of rats is directly proportional to the percentage of synchronous pulses contained in the stimulus patterns. The graph depicts the performance of 5 rats in the discrimination of different levels of synchronization. Continuous black line shows the group average, and the shaded area depicts the 95% CI for the mean. Continuous gray line, 50% chance level; dashed line, 65% arbitrary learning criteria.
